ABSTRACT: The Mariae species complex, consisting of Aedes mariae, Aedes phoeniciae, and Aedes zammitii, has a limited distribution worldwide. All three species are found in rocky habitats on the coastal areas of Mediterranean countries. Aedes phoeniciae and Ae. zammitii are two members of the Mariae complex that exist in Turkey. The aim of this study was to determine the distribution pattern and genetic structure of Ae. zammitii along the Mediterranean and Aegean regions. For this purpose, larval and adult samples of Ae. zammitii were collected from 19 different rocky habitats along the coastal regions of Antalya, Muğla, Aydın, İzmir, Balıkesir, and Çanakkale provinces. DNA isolation was performed primarily from collected samples, and mitochondrial NADH dehydrogenase 4 (ND4) gene was amplified by polymerase chain reaction. Based on ND4 sequence analyses, 21 haplotypes were detected along the distribution range of the species. Analyses of molecular variance (AMOVA) and spatial analyses of molecular variance (SAMOVA) indicated six groups, and most of the variation was among groups, demonstrating the population structuring at group level. Isolation by distance analyses (IBD) showed a correlation between geographic and genetic distances. Journal of Vector Ecology 41 (1): 150-158. 2016.
INTRODUCTION
The Mariae complex, including Ae. zammitii (Theobald 1903) , Ae. mariae (Sergent and Sergent 1903) , and Ae. phoeniciae (Coluzzi and Sabatini 1968 ) is a special sibling species group distributed in the Mediterranean basin. Species of this group use the coastal rock pool habitats along the coastal parts of the Mediterranean basin. Although all of these three species are distributed in different parts of the Mediterranean basin, natural sympatric populations of any two of these species had not been recorded until Coluzzi et al. (1974) . The morphological and molecular analyses, together with hybridization experiments from the different populations of these species in the Mediterranean basin, demonstrated the parapatric distribution of these species Bullini 1971, Urbanelli et al. 2014) . Aedes mariae has been recorded in Morocco, Spain, France, Portugal, and the Tyrrhenian coasts of Italy and Sicily in the western Mediterranean basin (Coluzi and Sabatini 1968 , Coluzzi et al. 1974 , Bueno-Marí and Jiménez-Peydró 2011 . On the other hand, Ae. phoeniciae has been distributed in half of the south coast of Turkey and the rocky habitats along the coasts of Syria, Lebanon, and Cyprus in the eastern part of the Mediterranean basin, which is a very limited area Sabatini 1968, Coluzzi et al. 1974) . In comparison to these two species, Ae. zammitii has been recorded in a wider part of the Mediterranean basin and has been found in the western Mediterranean and Aegean coasts of Turkey, the eastern coast of Sicily and Malta, the Adriatic coasts of Italy, the Aegean coasts of Greece, and the Balkans (Labuda 1969 , Regner 1969 , Coluzzi et al. 1976 , Prioteasa and Falcuta 2010 . Turkey is the only country where both Ae. zammitii and Ae. phoeniciae of the Mariae complex occur simultaneously in the Mediterranean basin. These two species have been found as allopatric populations. Aedes phoeniciae is widespread over the area, located in rocky habitats along the eastern part of the Gulf of Antalya, while Ae. zammitii is spread over coastal rocky habitats in the western part of the same area. The long sandy coast of the Gulf of Antalya is accepted as a zoogeographic barrier enabling these two species to stand as allopatric populations (Coluzzi et al. 1974 , Mastrantonio et al. 2015 .
Although Ae. zammitii is not known as a vector of human or animal disease, it feeds mainly on both humans and animals. This high anthropophylic tendency gives an impression that Ae. zammitii can be a potential vector for various arboviruses, such as chikungunya and WNV. However, ecological or population genetic studies of Ae. zammitii are rare. In recent years, allozymic loci and molecular phylogeography, genetic characterization, and distribution of Mariae complex species in the Mediterranean basin have been carried out (Coluzzi and Bullini 1971 , Urbanelli 2014 , Mastrantonio et al. 2015 . However, population genetic studies are not available on this species. There is no doubt that population genetic studies would be beneficial for understanding the distribution of vector or potential vector mosquitoes and for their control. In this study, the genetic structure, distribution, haplotype variety, and diversity of Ae. zammitii populations of Turkey have been analyzed for the first time using the ND4 gene, which is frequently used in population genetics and evolutionary biology studies.
the Aegean Sea) (Figure 1 , Table 1 ). Larval samples were collected with dippers and adults were collected by mouth aspirators near larval sites. The larval samples were reared to adults in the insectarium. Subsequently, adult specimens were identified using an identification key (Becker et al. 2003) and stored in 95% ethyl alcohol at -20º C until DNA extraction was implemented. Total DNA was extracted from individual mosquitoes using slight modification of the techniques described by Collins et al. (1987) . Sequencing of the ND4 gene region After total DNA isolations, a 358 bp region of the ND4 gene was amplified from 116 samples by PCR, using primers ND4F 5'-TGATTGCCTAAGGCTCATGT-3' and ND4R 5'-TTCGGCTTCCTAGTCGTTCAT-3' , modified by Paduan and Ribolla (2008) . The PCR was performed in a final volume of 25 µl containing 100 ng DNA, 1.5 U Taq DNA polymerase, 20 µM each of primers, 2.5 mM dNTP, and 10X reaction buffer. PCR Table 2 . Mt DNA haplotypes of Ae. zammitii ( reaction conditions were denaturation at 94º C for 3 min, 40 cycles of denaturation at 94º C for 30 s, annealing at 55º C for 45 s, extension at 72º C for 45 s, and final extension step of 72º C for 10 min. PCR products were visualized under UV light on 1% agarose gel stained with SafeView TM . PCR products were purified by a PCR purification kit. Ultimately, ND4 gene sequences were obtained using a 3730xl capillary system automatic sequencer from purified PCR products. All haplotype sequences were deposited in GenBank (Accession number KU613326-KU613346).
Statistical analyses
ND4 gene sequences were edited and aligned using BioEdit ver 7.09 and Clustal W multiple sequence alignment programs, respectively (Hall 1999) . A total of 116 nucleotide sequences consisting of 358 bp was chosen for subsequent analyses. The number of polymorphic sites, the average number of nucleotide differences (k), the nucleotide diversity (π), the haplotype diversity (H d ), genetic differences among population (Gamma ST ), and effective migration rates (N m ) were calculated by using DnaSP ver. 5.10.01 (Librado and Rozas 2009) . To show the relationships among Ae. zammitii haplotypes, an unrooted haplotype network was constructed by using TCS ver. 1.02 (Clement et al. 2000) . UPGMA dendogram was created by using MEGA ver. 5.05 to see differences and/or similarities among localities (Tamura et al. 2011) . In total, 19 populations were classified into six groups based on the UPGMA dendogram including Group 1: Finike, Demre, Kaş, Bükceğiz; Group 2: Göcek, Sarıgerme, Marmaris and Datça; Group 3: Bodrum and Bozcaada; Group 4: Didim and Yenifoça; Group 5: Kuşadası, Alaçatı, Karaburun, Çandarlı, Denizköy, Ayvalık, and finally, Group 6: Gökçeada. After grouping, variation in haplotype frequencies among groups, among populations within groups, and within populations were examined by molecular variance analyses (AMOVA) using Arlequin ver. 3.0 (Excoffier et al. 2006 ). The significance of variations was computed using nonparametric permutation tests with 1,000 permutations. Additionally, spatial analyses of molecular variance (SAMOVA) was also implemented to define whether the groups were geographically homogeneous or maximally differentiated from each other (Dupanloup et al. 2002) . Geographic coordinates were obtained by GPS and converted to geographic distance (km) by using a geographic distance matrix generator. The correlation between genetic and geographic distances was estimated with the IBD program (Bohonak 2002) .
RESULTS

Sequence variation, haplotype distribution, frequencies, and haplotype network
The haplotype sequences consisted of 16 polymorphic and 12 parsimony informative sites. These polymorphic sites had 43 transitions and seven transversions in a total of 50 substitutions.
A total of 21 haplotypes were identified. The most frequent haplotypes were H1 (37.9 %), H16 (15.5%), H2 (13.8%), and H4 (8.6%) (Table 2, Figure 2 ). Haplotype 1, the most frequent haplotype, occurred in 13 of 19 localities except Finike, Demre, Kaş, and Marmaris, which are in the southern part of the study area, and Bozcaada and Gökçeada, which are the two island populations situated in the northern part of the study area. The second most frequent haplotype, H16, occurred only in Finike, Demre, Kaş, Bükceğiz, Göcek, and Sarıgerme. While H4 occurred only in the Bozcaada, Gökceada, and Bodrum peninsulas, haplotype H2 occurred in Kuşadası and all the northern parts of the study area except Yenifoça. Furthermore H2, H3, H4, H5, H6, H7, and H8 were separated by one mutational step from H1 while H17, H18, and H19 were separated by one mutational step from H16. The other haplotypes were separated by one or two mutational steps from each other. Haplotype relationships are presented in Figure 2 .
Haplotypes and genetic diversity
The haplotype diversity (H d ), nucleotide diversity (π), and average number of nucleotide differences (k) are presented in Table 4 . The highest haplotype diversity was found in Datça (H1, H9, H10, and H11), Göcek (H1, H7, H12, H13, H16, and Hap20), Kaş (H14, H16, H17, and H18), Sarıgerme (H1, H16, H8, H19, and H15), Bodrum (H1, H3, and H4) and Kuşadası (H1, H2, and H3). On the other hand, the populations that have the lowest haplotype diversity were Finike (H16), Marmaris (H5), Yenifoça (H1), and Gökçeada (H4). The average number of nucleotide differences among individuals (k) was 3.67, nucleotide diversity (π) was 0.01026, and haplotype diversity (H d ) was 0.80 (Table 3) .
Gene flow and genetic structure of populations
Gamma ST among populations ranged between 0.00463 and 1.000 with an average mean of 0.68955. Correspondingly, N m was 0.11, indicating high genetic differentiation and low gene flow among populations (Table 4) localities across 19 populations (Figure 3) . AMOVA indicated that 65.75% (p<0.05) of the variation was among groups while only 3.09% (p>0.05) was of among populations within groups, and 31.16% (p<0.05) within populations (Table 5) . On the other hand, SAMOVA results showed a somewhat different partitioning of genetic diversity when the populations were classified into six groups with Group 1 consisting of Finike, Bükceğiz, Demre, and Kaş; Group 2, Marmaris; Group 3, Datça; Group 4, Göcek and Sarıgerme; Group 5, the broad part of the Aegean coast from Bodrum to Bozcaada, and finally, Group 6, Gökçeada. Most of the variation was found among all groups (72.84%; p<0.05), a smaller rate was found within populations as 26.42% (p<0.05), and it was found as 0.73% (p>0.05) among populations within groups. These ratios show significant population structure at these geographic scales (Table 6 ). These groupings based on AMOVA and SAMOVA results were consistent with the grouping based on UPGMA dendogram. Genetic and geographic distances were significantly correlated with each other (r= 0.694, p=0.001). These results support that Ae. zammitii populations are isolated due to geographic distance.
DISCUSSION
In rocky coastal Mediterranean areas, Ae. zammitii are of increasing concern because of the discomfort they cause and their potential vector status. In order to conduct efficient mosquito control programs, their life cycles. habitats. population ecologies. distribution patterns, and factors affecting distributions must be known.
To date, population genetic studies have been performed to characterize the pattern of genetic differentiation, population dynamics, and colonization histories of various mosquito species that could anticipate the future status of the species (Tabachnick and Black 1996, Urdaneta and Failloux 2011) . The distribution route, demographic pattern, and population structure of the key Rift Valley fever virus vectors. Ae. ochraseus and Ae. Mcintoschi, were highlighted and useful findings were inferred about potential prediction of the distribution pattern of disease in Kenya through population genetic studies of these species (Tchouassi et al. 2014) . Similarly, low genetic structure, reduced genetic variability and high genetic similarity of an invasive dengue virus vector species, Aedes albopictus, were attributed to the recent introduction of the species in Brazil, followed by founder effect and population bottleneck (Maia et al. 2009 ).
In our study, nucleotide (π) and haplotype (H d ) diversity in the ND4 gene of Ae. zammitii were significantly high (π= 0.01026; H d = 0.80). Other researchers also proved high mutation rates of the ND4 gene based on population genetic studies of different mosquito species (π= 0.01636 and 0.02161 in Mexico, Gorrochotegui-Escalante et al. 2000 , 2002 π= 0.01997 in Brazil, Bracco et al. 2007; π= 0.1079 in Brazil, Paduan and Ribolla 2008; π= 0.0115 in Brazil, Junior and Scarpassa 2009) . However, some studies indicate relatively lower genetic diversity of other mosquito populations in which ND4 sequences were analyzed (Birungi and Munstermann 2002) . Lower genetic variation rates may be attributed to the loss of genetic variation which might arise due to population bottlenecks, random genetic drifts, or effective mosquito control programs (Nei et al. 1975 , Nasci 1995 .
Our ND4 sequence analyses of Ae. zammitii determined 21 haplotypes in the Mediterranean and Aegean coasts of Turkey. Based on the existence of two main haplotypes in unrooted haplotype network, the existence of two mitochondrial lineages and correspondingly two introductions into Mediterranean and Aegean coasts is possible. Although we could not support our multiple introduction hypothesis of Ae. zammitii due to the lack of any published data belonging to this species, we might consider that the origin of these populations of Ae. zammitii in Turkey could be from either the northern or southern coast of the Mediterranean Sea. Some authors postulated evidence for separate introductions of the yellow fever and dengue virus vector Aedes aegypti, suggesting that population genetic studies are useful in terms of identifying the source populations for such introductions. For example, Bracco et al. (2007) demonstrated that one of the two clusters of Ae. aegypti populations had been introduced into America from Africa while the other cluster was closely related to Africa/Asia populations. Damal et al. (2013) supported multiple introductions of Ae. aegypti into America by using combined data of ND4 and ND5 partial sequences. However, we are unable to compare and discuss the evidence of the gene flow route at this time since further studies are needed to proceed with cluster analyses to determine the introduction points of the species onto the coasts of Turkey.
Our results also demonstrated significantly high mean Gamma ST (0.68955) and low N m (0.11) among 19 populations. As previously reported by some researchers, distribution of both Mariae complex members depends on the persistence of rocky habitats along the sea coasts since they complete their life cycle in rocky pools and relatively successive rocky habitats seem to be responsible for gene flow (Bueno-Marí and Jiménez-Peydró 2011). In contrast, sandy coasts larger than 25 km act as geographic barriers and might impede gene flow between populations, even leading to speciation (Coluzzi and Bullini 1971) . Distances affecting the gene flow can change from species to species based on their life cycle. For instance, distances >250 km have been reported for Ae. aegypti populations with a flight range of 50-100 m, which differs in both the frequency and types of alleles at loci (Gorrochotegui-Escalante et al. 2000) .
The UPGMA dendogram showed that Group 1, which includes Finike, Bükceğiz, Demre, and Kaş populations, are clearly separated from other groups. Based on this, we suggest that the long Patara beach (18 km) acts as a barrier for the individuals, causing genetic differentiation and low gene flow between populations. Similarly, it was also reported that putative areas in the gulfs of Catania and Gela in Sicily separated Ae. zammitii and Ae. mariae in the same manner as the sandy coasts of the eastern sides of the Antalya gulf separated Ae. zammitii and Ae. phoeniciae from each other (Mastrantonio et al. 2015) . Correspondingly, based on AMOVA groupings, the existence of successive rock pools in the middle line of our study area may explain the high gene flow between Group 4 and Group 5. Our analyses also indicated surprising results related to Gökçeada Island and Bodrum Peninsula which are highly important tourist regions of Turkey. They also have intensive boat and shipping traffic, especially during the summer. Interestingly, despite the geographic distances between the Bodrum and Gökçeada populations, our analyses indicated high gene flow and shared haplotypes between these two island populations. This result might be attributed to the anthropogenic factors such as humanaided long dispersal of individuals or ship movements. Likewise, Bosio et al. (2005) found increased genetic similarity between geographically distant populations that were attributed to human movement of mosquitoes across long distances.
In conclusion, this is the first population genetic study wherein genetic variation, differentiation, and distribution pattern of Aes. zammitii have been studied and presented, which confirms the existence of Ae. zammitii populations on the Mediterranean and Aegean coasts of Turkey. Our results also suggest the existence of two genetic lineages of Ae. zammitii in Turkey and provide clues for the dispersion dynamics of this species. Since the distribution of the species depends on the existence of rocky pools, overall gene flow was low and genetic and geographic distances showed a correlation by Mantel test. Moreover, SAMOVA and AMOVA results suggested six geographically homogenous and genetically differentiated groups, indicating high population structuring along the Aegean and Mediterranean coasts of Turkey.
